ABSTRACT: Electron attachment to closed-shell molecules is a gateway to various important processes in the gas and condensed phases. The properties of an electron-attached state, such as its energy and lifetime as well as the character of the molecular orbital to which the electron is attached, determine the fate of the anion. In this experimental and theoretical study of copper and silver fluoride anions, we introduce a new type of metastable anionic state. Abrupt changes in photoelectron angular distributions point to the existence of autodetaching states. Equationof-motion coupled-cluster singles and doubles calculations augmented by a complex absorbing potential identify some of these states as Σ and Π dipole-stabilized resonances, a new type of shape resonance. In addition, these molecules support valence and dipole-bound states and a Σ resonance of charge-transfer character. By featuring five different types of anionic states, they provide a vehicle for studying fundamental properties of anions and for validating new theoretical approaches for metastable states. E lectron attachment to neutral molecules forming anionic species 1−5 is a key step in redox and electron-transfer processes. It is also important in energetic environments such as plasmas and in the presence of strong radiation, for example, in the stratosphere and the interstellar medium. Depending on the energetics of electron attachment, the resulting anions can be classified as either bound or unbound, that is, having a positive or negative electron affinity, respectively. In the latter case, the anionic species are transient; they have a finite lifetime and decay via autodetachment. Such metastable states are called resonances; they can be described as discrete states embedded in the detachment continuum. 6, 7 One can distinguish electronic and vibrational resonances: in the former case, the anionic electronic state lies above the parent state of the neutral molecule and thus is metastable, whereas in the latter case, the anionic electronic state is located adiabatically below the onset of the continuum and the autodetachment occurs only through coupling of vibrational and electronic degrees of freedom.
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The properties of the electron-attached states determine the fate of an anion. For example, the electron binding energy determines the stability of the anion. The character of the molecular orbital to which the electron is attached determines the anion's structure, chemical reactivity, and relaxation pathways. There are two types of bound anionic electronic states: valence and dipole-bound states. 2 In the latter case, the extra electron is bound by electrostatic interaction with the dipole moment of the neutral core. Such dipole-bound states (DBS) have been characterized in a number of molecules with dipole moments exceeding 2.5 D. The excess electron in a DBS resides mainly outside the neutral molecular core; consequently, the structures associated with these states are similar to those of the parent neutrals. In contrast, in valence states, the additional electron has a significant effect on the structure. For instance, attachment to a valence antibonding orbital may lead to chemical bond breaking, a well-known example of which is breaking the DNA strands by slow electrons. 8, 9 Metastable electronic states of anions can be classified as shape or Feshbach resonances. Shape resonances such as electron-attached states of N 2 , CO, or CO 2 or electronically excited states of closed-shell anions such as phenolate decay by a one-electron process. 2 In contrast, Feshbach resonances decay to the continuum by two-electron transitions. An example is the decay channel n
(π*) 0 + e − the anionic photoactive yellow protein chromophore. 10 Polyatomic molecules often feature both types of resonances as illustrated in a recent theoretical study of the p-benzoquinone anion.
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In this Letter, we discuss a new type of shape resonance identified in the anions of two small, strongly polar molecules, AgF (μ = 6.22 D) 12 and CuF (μ = 5.26 D). 13 As illustrated in , benzene anion, benzoquinone anion, etc.) and rather resemble DBS featuring a very asymmetric distribution of the excess electron density, which has a significant effect on their properties. For example, shape resonances produced by attaching an electron to an antibonding orbital in a nonpolar or weakly polar diatomic can be stabilized by stretching the bond. Thus, some low-lying shape resonances such as CO 2 − are adiabatically bound and decay by vibrational autodetachment. 2, 5, 14 Consequently, their lifetimes are strongly modulated by vibrational motion. In contrast, the potential energy curves of dipole-stabilized shape resonances are quite similar, that is, parallel to those of the neutral species. Therefore, their lifetimes should not be strongly affected by vibrational motion.
Resonances have distinct spectroscopic signatures. Because of their bound-like wave functions, they give rise to enhanced cross sections in photoelectron spectra of neutral molecules and anions, 15−17 resulting in sharp peaks superimposed on a broader signal corresponding to direct detachment. The lifetime of a resonance determines the width of these features. Resonances also manifest themselves in rapid changes in the angular distributions of the photoelectrons in the vicinity of an autodetaching state due to different selection rules for direct detachment versus resonance-mediated autodetachment. 18−22 Thus, photoelectron angular distributions (PADs) contain information about the wave functions of the initial bound and final detached states as well as the resonances; however, extracting this information requires computational modeling. 23 Here, we employ vibrationally resolved photoelectron spectroscopy and anisotropy measurements to characterize electronic states of two model systems, AgF − and CuF − . As the simplest molecular systems, diatomics provide an ideal vehicle for the detailed characterization of electronic structure by stateof-the-art experiments and high-level calculations. At the same time, AgF and CuF feature a rich electronic structure supporting five different types of anionic states: the valence ground state, a dipole-bound state, a Σ resonance of chargetransfer character, and dipole-stabilized Σ and Π resonances. Our calculations are performed using the equation-of-motion coupled-cluster method for electron attachment with single and double substitutions (EOM-EA-CCSD) augmented by a complex absorbing potential (CAP). 24−26 This methodology allows one to describe bound and unbound anionic states on an equal footing and also enables calculations of resonance lifetimes and potential energy curves of metastable states. Figure 2 shows an energy diagram with all states of AgF − and CuF − relevant to the present study together with the molecular orbitals (MOs) occupied by the excess electron. Detailed experimental and computational findings will be discussed in the following paragraphs. As one can see, the ground states of the anions (X 2 Σ + ) are strongly bound. Their wave functions can be described as electron attachment to relatively diffuse σ-like orbitals. The MOs corresponding to the DBS (1 2 Σ + ), which are bound by 14 and 10 meV in AgF and CuF, respectively, are very diffuse and asymmetric; the density of the excess electron is located outside the molecular core on the metal side. , feature asymmetric electron density residing outside the molecular core, which strongly resembles DBS. Thus, these states can be described as dipole-stabilized shape resonances.
The photoelectron spectra of AgF − and CuF − were recorded using linearly polarized photons with energies of 2.1−4.1 eV and 1.6−2.1 eV, respectively. Details of the experimental setup can be found in refs 27 and 28. Photodetachment in this energy range produces the neutral species in various vibrational levels of the X 1 Σ + ground electronic state through two distinct channels according to the energy diagram in Figure 2 Σ → Σ +
whereas channels yielding electronically excited states of the neutral molecules are not accessible with the energies employed in these measurements as the lowest excited singlet states of AgF and CuF are located approximately 5.0 and 3.1 eV above the anion ground states (calculated by EOM-EE-CCSD with modified aug-cc-pVTZ-PP basis sets). We note the adiabatic electron affinity (aEA) of AgF − has been previously reported in measurements exciting near the band origin. 28 These also identified a DBS decaying via vibrational autodetachment.
The two channels in eqs 1 and 2 are expected to produce different PADs. For single-photon detachment by linearly polarized light, the PAD I(θ) is characterized by the anisotropy parameter β
where P 2 is the second Legendre polynomial and θ the angle between the electron velocity vector and the electric vector of the laser radiation. 23, 29 In the case of direct detachment, I(θ) is largely determined by the shape of the orbital from which the electron is detached. Because the MO corresponding to the anionic ground state is predominantly of s character in our case, one should expect p-wave photoelectrons giving rise to highly positive β values for direct detachment as illustrated in Figure 3 .
The detachment from a resonance can be qualitatively Figure 2 , molecules perpendicular to the laser polarization axis will be selected and the photoelectrons will follow a pattern defined by the shape of the respective π* MO. As illustrated in Figure 3 , the autodetachment from either Σ or Π resonances should produce photoelectrons that are less polarized along the laser electric vector. The finite lifetime of the resonances may contribute toward further rotational smearing of the PADs. Of course, this analysis is of qualitative character; for a quantitative description of PADs one needs to compute the respective Dyson orbitals and transition dipole moment matrix elements, and to account for the interference between the two channels, eqs 1 and 2.
In the case of AgF − , our instrument does not have sufficient resolution to separate individual vibrational channels within the X 1 Σ + ← X 2 Σ + band at the electron kinetic energies associated with the photon energies used here (2.1−4.1 eV). However, we were able to determine the photon-energy dependence of the PAD. The energy-dependent anisotropy parameter β determined across the full width at half-maximum of the band is shown in Figure 4 . In the case of excitation directly into the continuum, eq 1, the anisotropy parameter β(hv) exhibits gradual changes as a function of the energy, which is the main trend in Figure 4 . This slowly varying background is interrupted by two clear minima in the vicinity of 3.5 and 3.8 eV. In addition, there may be the suggestion of a weaker minimum around 2.7 eV. These three features are signatures of autodetachment via resonance channels according to eq 2. As explained above, this autodetachment results in distinctly different PADs and vibrational energy distributions than would be expected in the case of direct detachment.
For CuF − , we were able to achieve vibrational resolution within the X 1 Σ + ←X 2 Σ + band excited at 1.6−2.1 eV (see Figure S1 in the Supporting Information). β values for the v = 0−3 channels are reported in Figure 5 . Signal-to-noise limitations preclude reliable measurement of β for higher vibrational channels. This data probes the same type of resonances as the AgF − data of Figure 4 but in a vibrationspecific manner. Again the expectation is that the β values display a gradual increase or decrease as the photon energy is varied in the case of direct detachment via eq 1. However, two clear minima in β(hv) are observed at 1.7 and 1.9 eV. Furthermore, these minima are observed at the same photon energy in all vibrational channels. This indicates that a common intermediate state is excited and relaxes to a range of vibrational levels of the neutral ground state, consistent with an electronic autodetachment process according to eq 2.
Further evidence for resonance autodetachment is gained from the transition probabilities within the spectrum, which are determined as branching ratios σ v /σ total of the vibrational channels. Within the Franck−Condon picture of photodetachment, the branching ratios reflect the Franck−Condon factors for the vibrational transitions while the electronic factors are assumed to be constant. As simple vibrational overlap integrals, the Franck−Condon factors are independent of photon energy and hence σ v /σ total is constant within the Condon approximation. However, the centrifugal barrier to electron loss from an anion leads to a gradual rise or fall of the electronic cross section with photon energy, in particular near the threshold, 30 which gives rise to an energy dependence of the branching ratios. Figure 5 shows σ v /σ total values for the v = 0−5 channels in CuF − photodetachment. These data were extracted from photoelectron spectra recorded at over 60 different photoexcitation energies between 1.6 and 2.1 eV as illustrated in Figure S1 in the Supporting Information. Within each velocity domain photoelectron spectrum, the vibrational features are fit with a series of Gaussian functions representing the detector response function and unresolved rotational transitions. The width of these line shape functions is kept constant for a given spectrum since the velocity resolution of the imaging detector is uniform. The area beneath each Gaussian represents a particular vibronic transition intensity. The branching ratios are obtained by dividing the area of the corresponding Gaussian by the total area under the spectrum.
The data in Figure 5 display non-Condon behavior between 1.6 and 1.9 eV, which correlates well with the minima in the PAD data. The distinct maxima and oscillations in σ v /σ total , particularly clearly seen in the v = 0 channel, contradict the Franck−Condon picture. For example, in the σ v=0 /σ total data at approximately 1.7−1.8 eV, there is clearly a Fano-like profile 18 ,21 superimposed upon a steadily decreasing background. These oscillations are a further indication of the presence of intermediate, autodetaching resonances, which mediate detachment into the vibrational levels of the CuF neutral ground state via eq 2. We note that the branching ratios are not channel specific in the sense that they are measured relative to all other channels. However, with our existing instrumentation, these data are more straightforward to determine than absolute detachment cross sections.
To identify the metastable electronic states of CuF − and AgF − responsible for the behavior of the anisotropy parameter β and the branching ratios σ v /σ total , we employed the CAP-EOM-EA-CCSD method as implemented in the Q-Chem electronic-structure package. 31 EOM-CCSD methods provide a balanced description of states of different character 32−34 and, hence, are a natural choice for molecules with complex electronic structure such as the anions considered here that feature valence, dipole-bound, and metastable states. Theoretical description of resonances is challenging as their wave functions are not L 2 -integrable and, hence, methods developed for bound states cannot be applied in a straightforward manner. 6, 7 A viable option is to make use of non-Hermitian quantum mechanics, 6 which avoids calculating scattering matrix elements or dealing with boundary conditions. In these approaches, the resonances appear separated from the continuum as discrete eigenstates of the time-independent Schrodinger equation with complex energy
where E R and Γ denote resonance position and width. One of these complex-variable approaches, the CAP method, 35−40 recently has been implemented within the EOM-CCSD family of methods. 24, 25 In CAP methods, the Hamiltonian is augmented by an imaginary potential that absorbs the diverging tails of the resonance wave functions and thus forces them into an L 2 -integrable form. Calculations are then performed at variable CAP strengths and the resonances are extracted from the extrema of the complex energy trajectories. The artificial perturbation due to the CAP is removed by a in first order by a deperturbative correction. 24, 25, 35 Further theoretical details of CAP-EOM-EA-CCSD and a description of the computational protocol that we employed can be found in refs 24 and 25.
The closed-shell ground states of CuF and AgF were calculated at the CCSD level and used as reference states in the subsequent calculations of the anionic states. Bound anionic states were described at the EOM-EA-CCSD level without CAP. All calculations were carried out using a modified aug-ccpVTZ-PP basis for copper and silver and a modified aug-ccpVTZ basis for fluorine with additional even-tempered diffuse functions placed at all atoms. Relativistic effects were accounted for by effective core potentials (ECPs) for the metal atoms corresponding to the above basis sets. Zero-point vibrational energies were calculated within the harmonic approximation through numerical differentiation of the energy. Basis sets, ECPs, and further computational details such as CAP onsets and optimal CAP strengths can be found in the Supporting Information.
The main results of the calculations are summarized in Figure 2 , which shows adiabatic energy differences with respect to the ground states of the neutral molecules and the MOs occupied by the excess electron in each state. The same energies are also presented in Table 1 in a slightly different way using the anionic ground states as reference points for the resonance energies, which facilitates a direct comparison to the experimental values. In addition, Table 1 compiles equilibrium distances, transition dipole moments, and resonance widths.
As Figure 2 shows, the anion ground state is more stabilized for AgF − than for CuF In order to characterize the nature of the anionic states, we consider the relevant Hartree−Fock (HF) MOs (Figure 2) . Although Dyson orbitals 41, 42 provide a more rigorous interpretation, the use of HF orbitals of the neutral molecules is justified because all states considered here are of distinct Koopmans character: the dominant R 1 amplitudes are always greater than 0.95, which means that the Dyson orbitals will be dominated by the respective HF orbitals.
The orbitals in Figure 2 were calculated at bond distances R(CuF) = 1.866437 Å and R(AgF) = 2.107894 Å using the modified aug-cc-pVTZ-PP basis set and plotted at an isovalue of 0.002. Orbitals corresponding to bound states are taken from standard CAP-free HF calculations, whereas for metastable states, the real parts of orbitals from CAP-augmented HF calculations computed at η = 0.0009 au (CuF − ) and η = 0.0020 au (AgF − ) are shown. We note that real and imaginary parts of the orbitals are uniquely defined in the c-product metric, 43 and both have physical meaning. Conversely, only the absolute value has physical meaning in the usual metric. Because all orbitals undergo pronounced changes in terms of shape and spatial extent when the CAP is turned on, the comparability between bound and metastable states is limited. As shown in Figure S2 in the Supporting Information, the orbital associated with the DBS acquires a substantial imaginary part and its real part is considerably compressed when the CAP is turned on. On the other hand, the resonances cannot be separated from the embedding continuum in the CAP-free case. For these reasons, we curtail the discussion of the orbitals to qualitative analysis only. Figure 2 shows that the shapes of the orbitals associated with the resonances of CuF − and AgF − differ considerably from f Γ values computed at the equilibrium bond length of the respective resonance. 
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Letter those of valence orbitals. This should be contrasted to, for example, the lowest shape resonance of N 2 − that arises from electron attachment to a valence π* orbital as illustrated in Figure 1 . In CuF − and AgF − , most resonance orbitals are rather similar to the orbital corresponding to the DBS in that appreciable contributions are located relatively far away from the nuclei. Hence, these resonances can be described as metastable analogs of DBS rather than as valence states. The 2 2 Σ + resonance in AgF − is special since the corresponding orbital resides near the fluorine atom, whereas all other orbitals have a larger amplitude at the metal atom. Because there is little overlap between the orbitals involved, the transition
features a smaller transition moment than most other transitions, as Table 1 shows. This is well in line with the fact that the 2 2 Σ + state is not readily discernible in the experimental data.
Further information about the nature of the anionic states of AgF and CuF can be obtained from their potential energy curves, which are shown in Figure 6 ; the widths of the metastable states as a function of bond distance are shown as insets. For AgF, the shapes and spacings of the bound-state curves are in good agreement with previous calculations, 28 whereas no data are available for a comparison in the case of CuF. + ). Table 1 shows that the equilibrium distances of the resonances and DBS differ from those of the neutral ground states by at most 0.04 Å, whereas the anionic ground states feature clearly elongated equilibrium distances (0.09 and 0.13 Å). These structural trends indicate that the electronic structures of the excited anionic states and the neutral ground states are similar, whereas those of the anionic ground states differ considerably. 44, 45 This provides a further argument supporting the characterization of the metastable states as dipole-stabilized resonances.
The potential energy curves in Figure 6 also should be contrasted with the behavior of resonances in nonpolar molecules illustrated in Figure 1 . The minima in the potential energy curves of N 2 and N 2 − , for example, are more than 0.05 Å apart from each other and the curves cross at an elongated bond distance so that N 2 − becomes bound. 26 Consistent with that, the width decreases when the molecule is stretched. Table 1 shows good agreement between theory and experiment for the resonance positions. The deviation is less than 0.15 eV for all states considered. This is in part due to error cancellation as Figure 2 illustrates, where the energies of the resonances are shown with respect to the neutral ground states. Here, our theoretical approach overestimates the values for the resonances by 0.10−0.32 eV compared to the experiment, whereas the aEAs of CuF and AgF are underestimated by 0.27 and 0.11 eV, respectively. The latter constitutes a measure of the accuracy of CAP-free EOM-EA-CCSD for these particular systems. ROHF-CCSD(T) calculations using the same basis set yield aEAs of 1.22 and 1.42 eV for CuF and AgF, which brings the deviation from the experimental aEAs down to 0.05 eV and indicates the importance of higher-order electron correlation. Also, the dipole moments of CuF and AgF change considerably when going from CCSD (5.49 and 6.16 D) to CCSD(T) (5.32 and 5.95 D, calculated at the equilibrium distances of neutral CuF and AgF using the modified aug-cc-pVTZ-PP basis set). The impact should be similar for the resonance states, but a rigorous assessment would require CAP-CCSD(T) calculations, which is not possible with our current implementation.
Augmentation of the one-electron basis set by further diffuse functions has little impact on the aEAs. As shown in the Supporting Information, the energy differences change by less than 0.01 eV when using a larger basis. The impact on the CuF − resonances is also small, but the positions of the AgF − resonances change by up to 0.1 eV. Relativistic effects are nonnegligible as illustrated by additional calculations available from the Supporting Information with a similar but ECP-free basis for CuF (EOM-EA-CCSD/aug-cc-pVTZ+6s6p3d, core electrons not correlated). First-order and zeroth-order results for resonance positions, that is, calculated with or without the deperturbative correction also differ by up to 0.18 eV. Although these effects are not uniform, they do not change the overall picture. 
